Single-walled carbon nanotube (SWCNT) aerogels produced by critical-point-drying of wet-gel precursors exhibit unique properties, such as high surface-area-to-volume and strength-to-weight ratios. They are free-standing, are binder-free, and can be scaled to thicknesses of more than 1 mm. Here, we examine the electric double layer capacitive behavior of these materials using a common room temperature ionic liquid electrolyte, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-TFSI). Electrochemical performance is assessed through galvanostatic cycling, cyclic voltammetry and impedance spectroscopy. Results indicate stable capacitive performance over 10000 cycles as well as an impressive performance at high charge and discharge rates, due to accessible pore networks and enhanced electronic and ionic conductivities of SWCNT aerogels. These materials can find applications in mechanically compressible and flexible supercapacitor devices with high power requirements.
Introduction
Electrochemical capacitors (ECs) are electrochemical energy storage devices that bridge the gap between batteries and dielectric or electrolytic capacitors. Most noticeable is their high power density as they are used for high power applications requiring long cycle life [1, 2] .
Perhaps the most widely studied ECs are electric double-layer capacitors (EDLCs or supercapacitors) which store charge within the double layer of ions and electrons at the electrode/electrolyte interface. High surface area carbon materials such as activated carbon (AC) [3] , carbide-derived carbon (CDC) [4] , carbon nanotubes (CNTs) [5] , and graphene [6] are typically used as electrode materials for EDLCs. Materials such as AC and CDC consist of individual particles that contain porous networks, which provide a high specific surface area and therefore a high capacitance. It has been shown that the capacitance of EDLCs with AC or CDC based electrodes is maximized when the pore size is correctly tuned to the size of the ions [7, 8] .
However, in electrodes with very small micropores, the charge storage process becomes hindered by the slow diffusion of the ions through the porous network. Specifically with very large ions, the slow diffusion becomes a rate limiting factor for EDLCs based on porous carbon materials as electrodes [9, 10] .
Recently, carbon materials with open surface structures such as CNTs, onion-like carbons (OLCs) and graphene have attracted great interest as EC electrodes because of their large, open surface area that is completely exposed to the electrolyte ions. These materials have little or no internal porosity and most of their surface area that is accessible to electrolyte ions is on the outside of the particles. [11] As a result, the charge storage in these materials is not limited by diffusion of ions into the pores, and EDLCs with open surface carbon based electrodes have demonstrated charging/discharging capability at very high rates [12] . In particular, CNT aerogels are expected to perform well as electrode materials for ECs due to their high specific surface area, electrical conductivity, low density, and excellent mechanical properties, features which make them promising for energy storage applications [13, 14] . However, the specific surface area of these materials is much lower than that of porous carbons, and hence they show lower gravimetric and volumetric capacitances compared to that of porous carbons [15] . Furthermore, because of their lower specific capacitance (C sp ), the specific energy density (E sp ) of EDLCs with CNT aerogel based electrodes is lower than that of porous carbon (Eq 1): 2 
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where V is the working potential window [16] .
Other than the structure of the carbon, electrolyte properties such as ionic conductivity, ion size, and working potential window also affect the capacitive performance of the supercapacitors [17, 18] . The conductivity influences the electronic resistance in the cell, the ion size affects the diffusion of ions through the pores, and the working potential window impacts the energy density. The capacitive performance of ECs using carbon materials with open surfaces has been studied with a variety of electrolytes, mostly aqueous [19] and organic [20, 21] . Aqueous electrolytes have high ion mobility and lower resistance but have a narrow working potential window. Organic electrolytes, on the other hand, have larger working potential window but have poor conductivity. Another type of electrolyte that has recently attracted a lot of attention for supercapacitor applications is room temperature ionic liquids (RTILs). Ionic liquids are generally solvent-free salts that are liquid at room temperature, and they are promising for energy storage since they are nonflammable, have a very low vapor pressure, and are electrochemically stable at high potential windows (>4 V in some cases) [22, 23] . RTILs can be designed to extend the active voltage window and the operating temperature range, making ECs deployable under more realistic performance conditions [12, 24] and therefore, they have been tested thoroughly in combination with porous carbon electrodes for EDLC applications [25] . Due to their low ionic mobility and high viscosity [26] , the charge-discharge rates of the porous carbon system is often limited. However, when open surface carbons such at CNTs are used as electrode materials, the performance of the ECs is less affected by the electrolyte's limiting features, highlighting the benefits of using RTIL electrolytes [11] .
In this paper we study high power supercapacitors using single-walled CNT (SWCNT) aerogel based electrodes and RTIL electrolyte operating at room temperature. The combination of the high electronic conductivity [17] and the accessible surface area of the electrode with the extended voltage window of RTIL electrolyte results in a supercapacitor with very high power density, excellent rate cycling ability, and high energy density compared to conventional porous carbon electrode based supercapacitors.
Materials and Methods
CG100 SWCNTs (diameter: 0.9±0.2 nm, length: 300 nm to 2.3 µm) produced by the CoMoCAT method were obtained from SouthWest NanoTechnologies Inc. and used as received to fabricate SWCNT aerogels. Methods for making SWCNT aerogels have been reported elsewhere [13, 27, 28] . Briefly, the SWCNTs were suspended in deionized water (Millipore) using sodium dodecylbenzene sulfonate (SDBS) surfactant (Acros Organics) at a SWCNT dispersion concentration of 1 mg/mL; the mass ratio of SWCNT:SDBS was 1:10 [29] . The solution was then tip-sonicated (Thermo Fisher 500) for 2 hours at 60 W; the temperatures of the dispersions were maintained at room temperature during sonication using a large water bath. The SWCNT dispersions were centrifuged at 21,000 g for 30 min (Beckman Coulter Allegra 25R) to sediment SWCNT bundles. The supernatant, which contained mostly isolated nanotubes, was collected to fabricate SWCNT aerogels. The SWCNT concentration in the supernatant was determined using optical absorbance spectra (Varian Cary 5000 visible-near infrared spectrometer) with an extinction coefficient of 2.6 (absorbance·mL)/(mg·mm) at 930 nm and the Lambert-Beer equation [13] . The average SWCNT concentration in the supernatant was higher than 0.75 mg/mL. The absorption spectra from the supernatant showed sharp van Hove peaks, confirming SWCNTs were left intact after our purification and dispersion processes [13, 27] . The solution was then further concentrated by evaporating water to a final concentration of ~20 mg/mL. The bubbles generated due to cavitation during the sonication were removed by degassing the concentrated SWCNT solution in vacuum and the solution was then poured into rectangular molds. To avoid further drying, the SWCNT solution was left sealed with parafilm, and it formed a hydrogel within 12 hours [13, 27, 28] . After complete gelation of the solution, the SDBS surfactant in the hydrogel was removed by soaking the gel first in water for 3 hours, then in 1 M nitric acid at 50 °C for 20 min, and finally repeated rinsing with water until pH equilibrated to 7. The water was exchanged with ethanol by sequentially soaking the hydrogel in different concentrations of ethanol varying from 20-100% with the step size of 20% for 24 hours under ambient lab conditions. The sample was dried in a critical-point-dryer (CPD; Tousimis Autosamdri-815) and created a SWCNT aerogel. The aerogel density was measured from the final mass and dimensions of the aerogels. The porous network within SWCNTs aerogels was imaged using scanning electron microscopy (SEM) (FEI Quanta 600) and transmission electron microscopy (TEM) (FEI Tecnai F20).
Specific surface area (SSA), pore diameter (2r), pore volume (V), and the pore diameter distribution (dV/dr) were measured through nitrogen adsorption and desorption at 77 K using a surface area analyzer (Micromeritics Gemini VII 2390) and the Brunauer-Emmet-Teller (BET) theory [30] . The pore diameter, pore volume and pore diameter distribution were calculated using the density functional theory (DFT) from the desorption branch of the isotherms.
The RTIL chosen for this study was 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMI-TFSI), as it is the most studied ionic liquid for EDLC applications. The ratio of the two ion sizes is small, and the electrolyte stable between -2.2 V and 2.2 V [31, 32] . The supercapacitor electrodes were tested using a conventional sandwich-type cell, with identical symmetric electrodes [33] . Each cell was assembled and tested in an argonfilled glove-box. A VMP3 potentiostat/galvanostat (Biologic, USA) was used for cyclic voltammetry (CV), galvanostatic cycling (GC), and electrochemical impedance spectroscopy (EIS) measurements. The anode and cathode were made of the aerogel, and the potential across the entire symmetric cell was controlled using the EC-Lab software. For comparison, we used both YP-50F AC (Kuraray Chemical Company, Japan) and titanium CDC synthesized at 600 °C with a surface area of 1500 m 2 /g, a material known to perform well as a supercapacitor electrode [9, 16, 18] .
Results and Discussion

Aerogel material
Photographs of free-standing aerogels of various shapes and sizes are shown in Figure 1a . formation, confirming that SWCNTs remain well-preserved through the aerogel fabrication process [13] . The radial breathing modes and the peak intensity ratio of D-band to G-band are similar for nanotube powder prior to any processing and from aerogels, also confirming structural integrity of nanotubes in the aerogels [13] . The pore diameter distribution (dV/dr)
shows that the aerogels have mostly mesopores, i.e., pore diameters in the range of 2-50 nm, with few micropores, i.e., pore diameters less than 2 nm and macropores, i.e., pore diameters greater than 50 nm ( Figure. 2b ) [13] . The measured specific surface area of the aerogel was 900 m 2 /g [13] . Figure   2b shows the CV curves of the cells assembled with SWCNT aerogel electrodes. In this case, even at high scan rates of up to 1 V/s CV curves show a distinct rectangular shape. At scan rates of 2 V/s and above, the CV curves show their resistive contribution but overall remain very capacitive at these very high rates (up to 10 times the rate of the CDC device). This difference in capacitive behavior of the cells is summarized in Figure 4a , where the specific capacitances are plotted at different scan rates and are also compared with specific capacitance data of similar cells assembled with activated carbon (AC) electrodes. Values for specific capacitance in were calculated from the integral of the discharge half cycles of CVs according to equation 2:
where C sp is the specific capacitance of one electrode normalized by mass (F/g), I is the current of the discharge curve integrated with respect to the potential V (A), v is the charge-discharge rate of the scan (V/s), V is the potential window for the scan (V), and m is the mass of one electrode (g).
The CDC films, which were fabricated for optimized performance with EMI-TFSI, have a higher specific capacitance at low scan rates, which is expected based on their pore structure and higher specific surface area. At a scan rate near ~0.04 V/s, the capacitance for both systems is equal and the two curves intersect. Beyond this low scan rate, CDC's specific capacitance drops sharply to almost zero at a rate of 1 V/s. The capacitance of the SWCNT aerogel device, however, remains consistent until about 1 V/s, which supports the high rate performance expected for open surface carbon materials. As another porous carbon with an even higher surface area, the AC electrode yields the highest capacitance of the three materials at low scan rates (Figure 4) . However, it follows the trend of CDC electrodes, dropping significantly at around 0.2 V/s, falling below the SWCNT electrode curve. AC, which is used in commercial EDLC devices, is known for a higher capacitance but here we see evidence of its lackluster performance at high rates, suggesting that if we are to use IL electrolytes, these SWCNT structures are much better for high power applications than commercial ACs.
GC tests also confirm this vast difference in rate performance for the two different electrode materials, which can be observed in the vertical drop in voltage at the beginning of the discharge, also known as IR drop. Since this potential drop is a function of the resistance (R) and current (I), and at low current densities (0.1, 0.5, 1.0 A/g) the potential drop is <0.1 V, we can conclude that the CDC electrodes exhibit a low resistance (Figure 2c ). At 5 A/g the drop increases to more than 0.5 V which is large enough that the total capacitance is negatively affected. As before, the same galvanostatic data is shown for the SWCNT aerogel electrode in Figure 3d . Again the drop is <0.1 V, but this time up to a high current density of 30 A/g. Even at this very high rate, the potential drop remains at 0.25 V and does not reach 0.5 V before a current density of 60 A/g. The specific capacitances of the electrodes calculated from the slope of the discharge curves is plotted for both systems as a function of rate from the galvanostatic results in Figure 4b . Values for specific capacitance from GC were calculated using the slope of the discharge curve, according to equation 3:
where C sp is the specific capacitance of one electrode normalized by mass (F/g), I is the current of the discharge curve (A), dV/dt is the slope of the discharge curve, and m is the mass of one electrode (g). The specific capacitance of the CDC electrodes again drops immediately with increasing rate while the SWCNT aerogel system maintains most of its capacitance through 30 A/g which is consistent with the results from CV. The rate performance of up to 1 V/s in CV or 30 A/g in Galvanostatic cycling tests can be attributed to the open surface structure, which supports quick charge-discharge rates. These rates are significantly higher than charge and discharge rates of typical supercapacitors made with conventional materials, which are reported to charge at rates on the order of 20 mV/s and 2 A/g [36] .
Electrochemical impedance spectroscopy provides further information about the two materials including the resistance of the device and the time constant for charging and discharging. In Figure 5a , the standard Nyquist plots can be used to reveal the resistive behavior of supercapacitors at high frequencies where the curves cross the x-axis and the capacitive behavior at low frequencies, where the points become a straight and almost vertical line [37] . Seen more clearly in the inset, the CDC device curve is much less vertical and has a larger semicircle than that of the SWCNT aerogel. The shape of the curves at lower frequencies can be explained by Figures 5b and 5c , which show the relationship of real and imaginary capacitances to frequency for both materials, given by [37] [ ]
The capacitance of the device is given by the maximum point of the real capacitance, which for the CDC is more than 20 times higher than the SWCNT, which is consistent with the high surface area and greater mass loading of the porous CDC. The imaginary part reaches a maximum at a specific frequency f 0 which is used to determine the time constant τ 0 = 1/f 0 . This relaxation time is much lower for the SWCNT aerogel, at about 0.3 seconds, while the CDC has a time constant on the order of 30 seconds. These results confirm the earlier conclusions made from CV and GC data that the SWCNT can charge and discharge over much shorter times and is potentially a good candidate for high frequency applications.
Long-term stability
While it is clear that the device made with SWCNT aerogel electrodes is able to charge and discharge quickly, it is also necessary for an energy storage device to repeat this over many cycles. Galvanostatic cycling at 6.75 A/g over 10,000 repeated cycles was used to test the lifetime stability of the aerogel's capacitance over a 2.5 V voltage window. Figure 6 shows that after a few cycles in which the capacitance settles at ~46 F/g, the device retains 92% of the initial capacitance after 10,000 charge and discharge cycles, a very promising retention rate for EDLCs, which are to be highly cycled in applications. Additionally, the resistance remains at about 2.5 Ω·cm 2 and does not increase with cycling.
Using an ionic liquid electrolyte with a novel electrode material, we have shown that the resulting system shows very high rate performance and long-term stability compared to previously studied materials such as CDC and AC. Because of their mechanical properties, the SWCNT aerogels are especially suited for use as a backbone for flexible electrode materials.
They can also potentially be scaled into thick, 3-D electrodes, which would allow for the progression away from the demonstrated thin-film performance.
Conclusions
Electrochemical performance and capacitive behavior of SWCNT aerogel electrodes were investigated in supercapacitors with an ionic liquid electrolyte, EMI-TFSI. The open surface structure of the SWCNT aerogel leads to enhanced rate performance and power capability over other commonly used electrode materials such as CDC and AC. Compared to these porous materials, the SWCNT aerogel electrodes are less resistive in addition to having unique mechanical properties such as flexibility. Additionally, when compared to devices made with CNT or other similar materials, the reported SWCNT aerogel shows higher power and energy densities than other supercapacitor reports (Fig. 6b) . When analyzed for lifetime performance, the material also shows < 10% decrease in capacitance after 10,000 cycles, which makes it even better for application requiring high power and many repeated cycles. Pore diameter distribution (dV/dr) versus pore diameter (2r) of the SWCNT aerogels, calculated from the desorption branch of the isotherm using density functional theory (DFT) methods. BET measurements were done on SWCNT aerogels of density 13 mg/mL. 
